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Abstract 
When dense phase CO2 is depressurised and forms a two phase gas/liquid system, impurities will partition between 
the two phases and go preferentially to the phase where their solubility is highest. Partitioning and depressurisation 
experiments run at 4 and 25 °C showed that water, H2S and SO2 accumulated while O2 was depleted in the remaining 
liquid CO2 phase when the system was depressurised via the gas phase. When the water solubility is exceeded, a third 
aqueous phase can form. The accumulation of impurities increased the corrosivity of the remaining liquid phase and 
carbon steel specimens exposed in the autoclaves were corroded after 3 days exposure. Lowest corrosion rates (< 0.1 
mm/year) were measured in a system with CO2 and water (489 and 1222 ppmv) only. The corrosion rate is 
reasonably low because the water phase quickly becomes saturated with corrosion products that reduce the 
corrosivity. The situation was different when the CO2 contained SO2 (138 ppmv) and NO2 (191ppmv) as these gases 
accumulate in the water phase, reduce the pH and increase the reactivity of the aqueous phase. The specimens in the 
SO2 experiments got covered with a black film and the corrosion rates were about 0.1 mm/year while the specimens 
in the NO2 experiment developed a brown rusty layer of corrosion products and the corrosion rate was about 1 
mm/year. These high corrosion rates only last until the impurities are consumed, the replenishment and availability of 
impurities becomes therefore an important issue. The accumulation of impurities (including water) was maximum 5-
10 times the original concentration in the experiments where the liquid phase was reduced to 10-20 % of the original 
volume. The ratio of the remaining to the original liquid phase volume can be much lower in a long pipeline and a 
much larger accumulation can be foreseen. If the corrosion rate consumes most of the available impurities in the 
pipeline, the corrosion rate can be much higher than the corrosion rate measured in the present experiments. 
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1. Introduction 
Following the “Blue Map Scenario” [1] for the abatement of climate change, about 10 Gtons/year (1012 
kg/year) of CO2 need to be safely transported and stored underground in 2050. This requires the 
construction of about 3000 twelve-inch (or 1000 twenty-inch) pipelines assuming a flow velocity of 1.5 
m/s. The only cost effective material that can be used for such an extensive network is carbon steel.  
There are currently no recognized specifications for the CO2 quality required for pipeline transport, 
and it is possible that when specifications eventually are established, the required CO2 quality may vary 
depending on the end target (Enhanced Oil Recovery - EOR, storage in aquifers or other storage) and 
legislation differences. The main technical constraint will be the maximum allowable impurity content in 
CO2 to be injected or the impurities that can be allowed from a corrosion and safety point of view 
(rupture) during pipeline or ship transport.  
A number of tentative CO2 specifications have been suggested [2,3,4,5]. The two most referred to are 
the DYNAMIS specification shown in Table 1 and the specifications for dried CO2 issued by the 
Intergovernmental Panel on Climate Change- IPCC (Table 2). 
Table 1. DYNAMIS CO2 quality recommendation [2] 
Component Concentration Limitation 
H2O 500 ppmv Technical 
H2S 200 ppmv Health & safety 
CO 2000 ppmv Health & safety 
O2 Aquifer < 4 vol%, EOR 100 – 1000 ppmv Technical 
CH4 Aquifer < 4 vol%, EOR < 2 vol%  
N2, Ar, H2 < 4 vol % (all non-condensable gases)  
SOx 100 ppmv Health & safety 
NOx 100 ppmv Health & safety 
CO2 >95.5 vol % 
 
Table 2. Concentrations of impurities in dried CO2 suggested by IPCC [3] 
 
SO2 
ppmv 
NOx 
ppmv 
H2S 
ppmv 
CO 
ppmv 
N2 /Ar/O2 
ppmv 
COAL FIRED PLANTS 
Post-combustion capture <100 <100 0 0 100 
Pre-combustion capture 0 0 100-6000 300-4000 300-6000 
Oxy-fuel 5 000 100 0 0 37 000 
GAS FIRED PLANTS 
Post-combustion capture <100 <100 0 0 100 
Pre-combustion capture 0 0 <100 400 13000 
Oxy-fuel <100 <100 0 0 41000 
 
A large variation is seen in these specifications, which is reasonable as the impurities in the CCS 
(Carbon Capture and Storage) stream will depend on the fuel type, the energy conversion process (post-
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combustion, pre-combustion or oxyfuel) and the capture process. In addition, with new capturing 
technologies, new compounds (impurities) can be formed and higher concentration of impurities can 
follow the CO2 phase with unknown effect on corrosion. When pipeline design philosophy for CO2 
transportation is discussed it is commonly accepted that the CO2 should be sufficiently dry to prevent 
drop-out of a separate aqueous phase in any part of the pipeline, as free water can cause both corrosion 
and hydrate formation. There is, however, no consensus on what the actual target for the maximum water 
concentration should be. It has been argued that full dehydration down to 50 ppmv should be applied. This 
limit has been specified for the first CO2 pipelines in the USA [6] and for the Snøhvit [7] pipeline in 
Norway. Other specifications are less conservative as suggested in the DYNAMIS project (500 ppmv) and 
for the Kinder Morgan pipeline [4] (650 ppmv). All the suggested values are well below the water 
solubility for pure dense phase [2] 
The question is whether this apparently safe water level also applies when glycols, amines and flue gas 
contaminants like SOx, NOx and O2 are present in moderate amounts. These impurities dissolve readily in 
water and induce an aqueous phase at a much lower water concentration than the solubility limits reported 
for pure CO2 and CO2 contaminated with hydrocarbons [8]. 
A complication factor is depressurisation of the system. When dense phase CO2 is depressurised via 
the gas phase and forms a two phase gas/liquid system, impurities will partition between the two phases. It 
is expected that impurities that have lower solubility in the gas phase than in the liquid phase will 
accumulate in the liquid phase and thus increase the likelihood for the formation of a corrosive phase. The 
present paper discusses this phenomenon and presents results obtained in a number of partitioning and 
corrosion experiments. The experiments were run in high pressure autoclaves that were partly 
depressurised after loading with dense phase CO2 and small amounts of impurities including water, NO2, 
SO2, O2 and H2S. 
Most of the data and the text in the present paper have also been presented recently at the 
CORROSION 2013 conference [8].  
2. Experimental 
2.1. Partitioning experiments 
The high pressure (200-700 bar) autoclaves used in the experimental work discussed in the paper were 
made of highly corrosion resistant steel (Duplex and Hastelloy C). The inner diameter varies in the range 
20-25 mm and the length was either 60 cm or about 2 m.  
The two-compartment autoclave shown in Figure 1(right) was used for most of the partitioning 
experiments. The impurities were injected into the autoclave and CO2 was added until the liquid level 
reached the ball valve. The autoclave was shaken/rotated a few hours in a temperature controlled chamber 
(Figure 1, left) in order to mix the phases and to achieve equilibrium before the ball valve was closed. 
CO2 samples for analyses were taken from both the gas phase in the upper compartment and the liquid 
phase in the bottom compartment. 
The impurity concentrations were analysed by Gas Chromatography (GC). Water was not analysed 
directly, but was converted to acetylene by a reaction with CaC2, see equation 1. The technique is not 
straight forward and required extensive testing and calibration. This method which is no longer used in 
our laboratory has been replaced by on-line hygrometers and recently by a much more accurate and 
simpler laser spectroscopy based analysing system.  
 
CaC2 (s) + 2 H2O (g)  Ca(OH)2 (s) + C2H2 (g)                                                      (1) 
 
3060   Arne Dugstad et al. /  Energy Procedia  37 ( 2013 )  3057 – 3067 
2.2. Impurity accumulation during depressurisation 
The concentration of impurities in the gas and liquid phases will change during depressurisation if the 
partitioning coefficient is different from 1. The depressurisation effect was studied in autoclaves that were 
completely filled with CO2 and impurities, equilibrated for a few hours and then slowly vented via the gas 
phase. CO2 samples for analyses were taken frequently from both the gas and the liquid phases until all 
liquid CO2 had been converted to gas.  
The autoclave temperature was either 4 or 20 °C when CO2 and impurities were mixed and 
equilibrated. The pressure at start-up was about 100 bar, but dropped to the bubbling point pressure after a 
few minutes, i.e. 39 bar at 4 °C and 56 bar at 20 °C. The temperature dropped slightly during the venting 
due to the Joule-Thomson cooling. 
The water content was measured with the online hygrometer that has a fast response (seconds), but 
needs frequent calibration. 
 
  
Figure 1. Autoclave system used for partitioning and depressurisation experiments. Left: Slim autoclaves rotated in a 
thermal cabinet. Right: Autoclave with two compartments (100 ml and 70 ml) separated with a ball valve 
2.3. Corrosion after depressurisation  
There are no recognized standards for corrosion testing in dense phase CO2 with impurities. The data 
published in the literature are based on autoclave experiments performed under stagnant conditions or 
with rotating cages [8]. The main experimental challenge is impurity control. The volume of the corrosive 
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phases that might form in a system with a few hundred ppmv of impurities is very small. The volume 
fraction is typically < 10-4 (less than one droplet per litre) and key issues are the consumption of the 
impurities during the exposure and to which degree the corrosive phase actually reaches the exposed steel 
specimens in the autoclave experiments, particularly in stagnant experiments.  
 
 
Figure 2. Disc-shaped carbon steel foil before being mounted in the bottom of the autoclave. Diameter 25 mm 
The corrosion experiments were run in 60 cm long slim (ID 25 mm) autoclaves similar to those shown 
in Figure 1. The autoclaves were filled with CO2 and impurities, pressurized to 100 bar and rotated a few 
hours in order to achieve equilibrium. 
The autoclave was positioned vertically during the depressurization cycle such that the precipitating 
corrosive phases can sink to the bottom where the carbon steel test specimens are located. In order to 
ensure that the corrosive phase hits the carbon steel test material, the specimens were shaped as thin foils 
(see Figure 2) covering the whole bottom surface of the autoclave.  
The steel foil was weighed before and after the exposure and the reported corrosion rate is the average 
determined from the weight loss after removal of the corrosion film. 
The autoclave is cooled during the depressurisation cycle and a temperature gradient is established 
along the autoclave. The temperature change will affect the partitioning coefficient and the accumulation 
rate of impurities. Two depressurisation rates were applied i.e. low rate (1 wt% CO2 vented per minute) 
and high rate. (3 wt% CO2 vented per minute). The local temperature reduction was more than 20 °C for 
both depressurisation rates.  
3. Results 
3.1. Partitioning experiments 
Test conditions and results are summarized in Table 3. The measured ratio (partitioning coefficient) of 
the concentration in the gas phase and the liquid phase is given in the last column. 
The water partitioning coefficients varied from 0.2 to 0.5 over the temperature range -5 to 25 °C. A 
number of experiments were run with different amounts of H2O injected in the autoclaves. The results 
indicated that the coefficient did not change much with varying concentrations.  
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Table 3. Test conditions and results obtained in partitioning experiments 
Exp. 
 
Temp. 
°C 
Impurity 
 
Gas phase conc.
ppmv 
liquid phase conc.
ppmv 
Gas/liquid conc. ratio 
 
Part 1 4 O2 7575 1072 7.06 
Part 2 4 O2 4917 654 7.51 
Part 3 20 O2 5168 1695 3.05 
Part 4 20 O2 2796 1071 2.61 
Part 5 4 H2S 79 74 1.07 
Part 6 20 H2S 55 72 0.76 
Part 7 20 H2S 48 80 0.6 
Part 8 20 H2S 146 201 0.73 
Part 9 -5 H2O 
Based on several experiments 
0.2 
Part 10 4 H2O 0.25 
Part 11 20 H2O 0.30 
Part 12 25 H2O 0.45 
 
The partitioning of O2 was measured at 4 and 20 °C. The concentration of O2 in the gas phase was 
about 7 times the concentration in the liquid phase at 4 °C and about 3 times higher at 20 °C. That implies 
that the O2 content will decrease in the remaining liquid phase during depressurisation. 
The partitioning coefficient for H2S was about 1.1 at 4 °C and 0.7 at 20 °C. The H2S content in the 
remaining liquid phase during depressurisation will therefore decrease at 20 °C and increase at 4 °C. The 
partitioning coefficient at 4 °C varied a lot and more experiments are required in order to confirm the 
results. 
The partition of SO2 was measured at -55, 4 and 20 °C. The partitioning coefficient seemed to be very 
low, < 0.1 at all studied temperatures. That implies that the SO2 content in the remaining liquid phase 
during depressurisation can be very high regardless of the temperature in the system. 
3.2. Accumulation of impurities during depressurisation 
Three depressurisation experiments were run with water, H2S and O2 respectively as the only added 
impurity. Figure 3 to Figure 5 show the measured concentration in samples taken from the liquid phase 
and the gas phase as a function of venting. A simple mass balance model was made for the accumulation 
of impurities during depressurisation and the model predictions have been included in the figures. The 
model results are discussed in section 4.  
The start temperature in the water experiment (Figure 3) was 4 °C and the concentration of water was 
about 90 ppmv in the liquid phase and 20 ppmv in the gas phase. The water concentration in both phases 
increased with increasing fraction of vented CO2. The increase in the water concentration is particularly 
fast just before all liquid has evaporated. The large fluctuations in the curves at the end of the experiment 
are sampling artifacts mainly attributed to water precipitation (Joule-Thomson cooling) in the reduction 
valve upstream the sampling port. 
The same increasing trend in the concentration of impurity with increasing fraction of vented CO2 was 
seen in the H2S experiment run at about 20 °C, see Figure 4. The start concentration in the liquid phase 
was 200 ppmv. Only one GC was available and it was used for measurements in the liquid phase for a 
short period before it was switched to the gas phase. 
Opposite to experiments with water and H2S, the concentration was reduced in the O2 experiment, see 
Figure 5. The experiment was run at about 20 °C and the start concentration was about 1000 ppmv (=0.1 
 Arne Dugstad et al. /  Energy Procedia  37 ( 2013 )  3057 – 3067 3063
mol%) in the liquid phase. As for the H2S experiment, only one O2 analyser was available and had to be 
switched from the liquid phase to the gas phase after a period. 
 
 
Figure 3.  Comparison of measured (solid lines) and predicted (dashed lines) increase in water concentration in 
experiment run at 4 °C and the bubble point. 
 
Figure 4.  Comparison of measured (solid lines) and predicted (dashed lines) increase in H2S concentration in 
experiment run at 20 °C and the bubble point.  
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Figure 5. Comparison of measured (solid lines) and predicted (dashed lines) decrease in O2 concentration in 
experiment run at 4 °C and the bubble point.  
3.3. Corrosion after depressurisation 
Test conditions and results are summarized in Table 4. A known amount of impurities were added to 
the autoclaves together with the CO2. The reported concentrations are the nominal starting concentrations. 
The consumption rate and the changes in the concentration of impurities due to other reactions were not 
measured during the experiments.  
 
The autoclaves that were originally 100 % filled with liquid CO2 at 100 bar were depressurised until 
the liquid volume was about 12±2 % of the autoclave volume. Disk-shaped steel foil specimens were 
exposed in the remaining liquid CO2 phase for 3 days before the autoclaves were further depressurised 
and opened.  
All the disc-shaped steel foils were attacked as shown in Figure 6 and Figure 7. When the autoclaves 
were opened, it was seen that water droplets were attached to the steel foils exposed in the pure water 
experiments with the highest water concentration (Exp D1 and D2). Lowest corrosion rates were 
measured in the experiment with pure water and CO2. The average corrosion rates were less than 
0.1mm/year. The corrosion rate is reasonably low because the water phase quickly becomes saturated with 
corrosion products that reduce the corrosivity. The situation was different when the CO2 contained SO2 
and NO2 as these gases accumulate in the water phase, reduce the pH and increase the reactivity of the 
aqueous phase. The foils in the SO2 experiments (D5 and D6) developed a black film (see Figure 7) and 
the corrosion rates were about 0.1 mm/year The foils in the NO2 experiment got covered by a brown rusty 
layer of corrosion products and the corrosion rate was about 1 mm/year.  
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Table 4. Test conditions and results for static corrosion tests run after depressurisation 
Exp.  Temp 
°C 
Liquid volume 
% 
Depressurisation H2O  
ppmv 
SO2
ppmv 
NO2 
ppmv 
Corr.rate 
mm/y 
D 1 20-25 ~12 Slow 1222 0.06 
D 2 20-25 ~13 Fast 1222 0.04 
D 3 20-25 ~14 Slow 489 0.012 
D 4 20-25 ~14 Fast 489 0.011 
D 5 18-20 ~11 Slow 1222 138 0.1 
D 6 18-20 ~12 Slow 1222 138 >0.1 
D 7 18-20 ~12 Slow 489 191 0.9 
 
 
 
 
 
Figure 6. Appearance of the attacked disc-shaped foils exposed in experiments D1-D4. Diameter 25 mm 
D1 D2
D3 D4
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Figure 7. Appearance of the attacked disc-shaped foils exposed in experiments D5-D7. Diameter 25 mm 
4. Discussion 
A simple mass balance model was made for accumulation of impurities during depressurisation. The 
model uses the experimentally determined partitioning coefficients and the start concentration in the 
liquid phase as input and the output is the concentration in the remaining liquid phase and gas phase as a 
function of the vented fraction of CO2. It is assumed that the system is in equilibrium and that the 
partitioning coefficient is the same throughout the entire concentration range.  
The model was used to estimate the accumulation rates and the results are compared to the actual 
measurements of O2, H2S and water in Figure 3, Figure 4 and Figure 5. The fit is good, and both the 
model and the experimental results show that the concentration of water and H2S can increase 
significantly while O2 is reduced in the remaining liquid phase when the system is vented.  
The accumulation of impurities and the increased corrosivity were confirmed by the corrosion 
experiments. No corrosion was found [8],[10] in experiments run previously with pure water and CO2 at 
the same concentration as used at start-up in the present experiments. The corrosion rate in the SO2 and 
NO2 experiments were also generally higher than measured in similar experiments run with these 
impurities, but without depressurisation.  
The accumulation of impurities (including water) in the present experiments was maximum 5-10 times 
the original concentration as the liquid phase was reduced to 10-20 % of the original volume. The 
maximum achievable concentration of impurities in the remaining liquid CO2 phase depends strongly on 
the fraction of vented CO2 in addition to the partitioning coefficient and the start concentration in the 
liquid phase.  
The fraction of vented CO2 can be much higher in a pipeline than in the present experiments, as the 
ratio of the remaining to the original liquid phase volume can be reduced much more. Therefore, the 
impurity concentration is also expected to be higher, particular at low spots where the liquid CO2 phase 
will be drained. Availability of impurities seems to be the limiting factor for corrosion and it can therefore 
not be disregarded that the corrosion rates in these low spots will be higher than the rates measured in the 
small scale laboratory experiments. 
An actual pipeline depressurisation will most likely be done at a much lower temperature than the 
20 °C used for the present partitioning and depressurisation testing. More data are required in order to 
predict accumulation rates over a wider temperature range and for other impurities including glycol, 
amines, CO and NOx. More data are also required in order to confirm whether corrosion is a direct 
D7D6D5 
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function of available impurities after depressurisation and to optimise the depressurisation procedures in 
order to minimise corrosion. 
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